Abstract Incongruence between morphology and molecules, i.e., genetic differentiation of lineages that are morphologically identical, or morphological variation among accessions sharing identical genotypes, has been increasingly reported and is most problematic in taxa with reduced morphologies. We here review and discuss these issues for plant taxonomy, taking Salicornia, one of the taxonomically most challenging genera of angiosperms, as a model. We argue in favour of a taxonomic system that remains as much 'workable' as possible for traditional morphology-based taxonomy, but avoids merging genetically widely divergent lineages despite their morphological similarity. Our revised classification of Eurasian taxa includes four species, ten subspecies and one nothosubspecies. The molecular and morphological characteristics as well as the geographical distribution of each taxon are described. A key to the Eurasian taxa based on morphology and geographical distribution is presented.
IntroductIon
It is often assumed that rates of morphological and molecular evolution are highly correlated (Barraclough & Savolainen, 2001) , yielding compatible species definitions from these two sources of information. As techniques for examining biological diversity in all forms, and, in particular, DNA sequence data have become more widely used and accessible, traditional species concepts have, however, been increasingly challenged (Egge & Simons, 2006) . In many instances, the incongruence between traditional species concepts and DNA sequence data prompted renewed morphological evaluation, uncovering morphological characters consistent with sequence data, and resulting in the description of new species (e.g., Szweykowski & al., 2005; Zomlefer & al., 2006; Andres-Sanchez & al., 2009; Vanderpoorten & al., 2010; Särkinen & al., 2011) .
Numerous patterns of diversity are, however, not necessarily reflected in the morphology of organisms (Egge & Simons, 2006) , suggesting that morphological characters provide a very broad species concept that does not reflect the true extent of evolutionary divergence and reproductive isolation (Harper & al., 2009; Pavlic & al., 2009; Samson & Varga, 2009) . 'Cryptic speciation' refers to the sharing of a similar morphology among diverging lineages. In particular in organisms with reduced morphologies, a growing body of evidence suggests that many species may not meet the criterion of monophyly due to the limited availability of characters defining them, the reliance on a few key characters, or the environmental and/or developmental constraints in the evolution of those characters (see Bickford & al., 2006 , for review). In fact, the trajectory of phenotypic evolution is constrained by genetic correlations among traits, so that developmental mechanisms can limit or channel evolutionary change, resulting in the clustering of species along 'lines of least resistence' (Beldade & al., 2002) . Morphological criteria have been used to identify the vast majority of species, but arguably, reliance on morphology alone will result in an underestimation of species number (Harper & al., 2009) . Given the genetic forces underlying the process of speciation, it is not appropriate to use morphological diagnosability as the sole criterion for species recognition (Egge & Simons, 2006) . Describing cryptic species is therefore an important step in recognizing that biological diversity is not limited to morphology, but is manifest in a variety of other ways (Egge & Simons, 2006) . Tautz & al. (2003) introduced the idea of a scheme in which DNA would be the scaffold of a taxonomic reference system. DNA 'barcodes' could especially have great utility in organisms in which morphological discrimination is difficult or impossible, such as many algae (Leliaert & al., 2009) or aquatic angiosperms (e.g., Podostemaceae, Kelly & al., 2010) . Because of the evolutionary complexity and nomenclatural problems associated with establishing a Linnaean taxonomy for such groups, Tautz & al. (2003) claimed that such a DNA-based system requires a separate naming system because "nucleotide strings cannot serve the need to name species". In this context, Leliaert & al. (2009) proposed, for example, to provisionally discard misleading taxon names, and refer to clade numbers. As Reynolds & Taylor (1991) argued, however, existing rules of the ICBN apply to the nomenclature of a DNA-based species concept. DNA can even serve as the type element. Description of a new taxon using DNA can be based on sequences from selected genes. The location of sequences and their lengths constitute a descriptive diagnosis (see, e.g., Egge & Simons, 2006; Kadereit & Freitag, 2011) .
As Rowley (2007) pointed out, however, nobody welcomes the prospect of floods of new 'species' swamping the literature and herbaria when these are recognizable only using karyological or molecular techniques. However, there is an important difference between cytotypes and clades defined by molecular characters. Many species, for example of mosses (Fritsch, 1991) , include lineages of almost continuously varying ploidy levels and chromosome numbers, but these events of polyploidization and/or changes in chromosome number might have occurred recurrently in the course of evolutionary history and hence, in many instances tell us nothing about shared ancestry. In contrast, clades resolved in molecular phylogenetic analyses are defined by synapomorphic substitutions that point to a shared history and provide potential diagnostic features. Oliver & Lee (2010) argued that taxonomists need taxa that can be separated visually, and that "portable DNA barcoding probes are many years away, at best". Grube & Kroken (2000) similarly pointed out that, in applied research as, e.g., the study of species distribution and bioindication, the introduction of new names for species will be problematic if they cannot be identified using routine methodology, and delimiting species will not be useful if they are phenotypically identical. Rowley (2007) therefore proposed that the use of infraspecific categories would neatly get round the problem and suit all parties. In cases where a species complex consists of several cryptic species, subspecies rank could be applied when no corroborating phenotypic characters or geographical separation exists. Similarly, Grube & Kroken (2000) proposed to add an appendix to the generally accepted species name, e.g., "agg.", which would be satisfactory until a more appropriate solution or accompanying non-molecular characters are found.
Many taxonomists are indeed still reluctant to describe species based only on molecular characters. Although cryptic species have been increasingly mentioned in the recent literature (e.g., Ramaiya & al., 2010) , these species are almost never formally described, typified, and named by their discoverers. As a result, the magnitude of the 'taxonomic impediment', i.e., the time-lag between species recognition and description, increases (Oliver & Lee, 2010) . As Tan & al. (2009) pointed out, cryptic species have to be rejected or formally recognized, or else 'cryptic species' will overwhelm the systematic literature. An argument certainly in favour of the recognition of cryptic species is that species that are difficult to separate by morphology are not necessarily sister. Hence, morphological information used to describe biodiversity patterns can be misleading (Harper & al., 2009) . The aquatic moss species Rhynchostegium riparioides (Hedw.) Cardot was, for instance, shown to be polyphyletic, and accessions from different parts of the globe, although indistinguishable morphologically, are separated by species from other genera (Huttunen & Ignatov, 2010) . In the moss genus Bryum Hedw., production of strikingly similar tubers on the rhizoids was shown to have arisen convergently, resulting in the necessity to accommodate such species, previously reduced to synonymy on morphological grounds, into different genera (Holyoak & Pedersen, 2007) . In the phylogeny of the lichen genus Caloplaca Th. Fr., C. austrocitrina Vondrák & al., C. nigromarina Vondrák & al. and C. flavocitrina (Nyl.) Olivier were shown to belong to three different phylogenetic clades, mixed with several other species, which are non-cryptic (Vondrák & al., 2009) . Lumping similar species into single taxa would therefore produce polyphyletic taxa, which is unacceptable to any taxonomist who believes that species should reflect evolutionary history. Vondrák & al. (2009) therefore argued in favour of the recognition of such species, in spite of difficulties with subsequent morphological identification.
Here, we discuss these issues taking Salicornia L., arguably one of the taxonomically most challenging genera of angiosperms, as a model, and provide a revised classification of Eurasian taxa (Table 1) .
taxonomIcal Issues In Salicornia
Salicornia arguably qualifies for the title of 'worst nightmare' (Kadereit & al., 2007) for combining most of the least desirable features for a sound taxonomic treatment. Morphological variation is extremely limited in the genus: the succulent leaves are fused with the internodes, leaving only a scarious free rim, and the flowers are consistently composed of fused tepals, which are arranged in (1-)3-flowered cymes. Hence, species were circumscribed based on continuously varying characters such as colour, difference in size and form between central and lateral flowers of the same cyme, shoot architecture, and length of the inflorescence (e.g., Lahondère, 2004) . Furthermore, Salicornia species are aquatic or sub-aquatic, and show considerable phenotypic plasticity, although the morphological similarity among siblings (Vanderpoorten & al., 2011) and transplantation experiments (see Kadereit & al., 2007 for review) suggest that at least some morphological differences have a genetic basis (Teege & al., 2011) . As a result, herbarium material is problematic in taxonomic studies because colours vanish with time, and many characters, including key characters such as the relative size of the central and lateral flowers, are no longer measurable. Furthermore, most herbarium collections contain only one or a few individuals, which is insufficient to represent the phenotypic variation of a population in Salicornia.
All previous studies employing different kinds of markers (nrDNA, Papini & al., 2004 ; non-coding cpDNA sequences, Murakeözy & al., 2007 ; point mutations in large cpDNA fragments, Vanderpoorten & al., 2011; ITS and ETS sequences, Kadereit & al., 2007; Kaligaric & al., 2008) consistently demonstrated a relatively clear genetic distinction between diploids and tetraploids. In Europe, the tetraploids form a well-defined and supported monophyletic group (Salicornia dolichostachya clade in Kadereit & al., 2007) , which can, to a large extent, be characterized morphologically (Kaligaric & al., 2008) . Thus, flowers are almost equal in size in tetraploids, whereas in diploids the two lateral flowers are typically 1/3-2/3 as large as the Version of Record (identical to print version). Kadereit & al. (2007) central one (Fig. 1) . The tetraploid clade also contains, however, S. heterantha and S. iranica, which are diploid (Akhani, 2008; Beer & al., 2011) , while the diploid clade includes S. altaica, which is decaploid (Lomonosova, 2005) . The existence of species such as S. obscura further demonstrates that the distinction between cytotypes is not always straightforward on morphological grounds. For example, S. obscura as circumscribed by Lahondère (2004) proved to be a mixture of both diploids and tetraploids (Vanderpoorten & al., 2011) . Cytotypes can hence not define infrageneric groups in Salicornia as proposed by Scott (1977) . Based on phylogenetic evidence from ETS sequences (Fig. 2) , we here accept two groups, the S. europaea group and the S. procumbens group (Table 1) , which both are of mixed ploidy levels. Within these two groups, species concepts were completely challenged by molecular analyses. Both phylogenetic (Kadereit & al., 2007) and population genetic (Vanderpoorten & al., 2011) data indicate that geography rather than morphology accounts for the observed patterns of genetic variation. As an example, S. ramosissima in Europe was reported from both the Mediterranean and Atlantic coasts (e.g., Lahondère, 2004) and distinguished from the Mediterranean endemic S. patula by central and lateral flowers that are very dissimilar in size; convex or torulose fertile axes; and short fertile spikes of less than 3.0 cm. Molecular data, however, unambiguously show that these characters do not mirror true relationships, and that Mediterranean S. ramosissima is genetically more closely related to S. patula than to Atlantic S. ramosissima (Vanderpoorten & al., 2011) . Similarly, although S. iranica is nested within the tetraploid S. persica clade (Fig. 2) , it is morphologically identical with S. perennans. Ironically, by contrast, the only morphologically readily distinguishable species, by having solitary flowers, S. disarticulata, is identical with sympatric Atlantic diploids in DNA sequence data (Murakeözy & al., 2007) and nuclear SSRs (Vanderpoorten & al., 2011) .
a new taxonomIcal treatment of eurasIan Salicornia
These observations call either for extensive reductions to synonymy or for description of a large array of completely cryptic taxa. Between these two extremes, we argue in favour of a taxonomic system that remains as much 'workable' as possible for traditional morphology-based taxonomy, but avoids merging widely divergent lineages despite their apparent morphological similarity. In the present classification, the different taxonomic levels are assigned as follows:
(1) Species are primarily defined by the criterion of monophyly. Here, S. procumbens (incl. S. heterantha), S. persica and S. europaea meet this criterion, while S. perennans does not. Recognition of S. europaea at the species level, as evidenced by reproductive isolation from S. perennans with nuclear SSR data and levels of nucleotidic divergence that are much higher than those observed among conspecific accessions and similar to those observed among well-defined species based on cpDNA (Vanderpoorten & al., 2011) , renders (part of) the latter, which was not resolved as monophyletic, paraphyletic (Fig. 2) . We argue, however, in favour of an evolutionary classification system, wherein an emerging daughter species can render its parental species paraphyletic (see fig. 1k in Funk & Omland, 2003; also Hörandl & Stuessy, 2010, for review) . Forcing taxonomy to reflect gene tree monophyly by synonymizing the nested and parent species would ignore the distinctive nature of the nested lineage.
Salicornia perennans is problematic and certainly requires further investigation. This taxon contains a number of unresolved lineages and according to the currently existing molecular data does not meet the criterion of monophyly. However, convincing morphological, geographical or molecular evidence for splitting S. perennans is lacking. Therefore we propose to accept this group of clades as one species until other arrangements are made on the basis of new data.
(2) Subspecies may not be completely reproductively isolated (in other words, they can be resolved as polyphyletic) for two main reasons. First, subspecies represent an incipient stage of differentiation prior to reciprocal monophyly (Zink, 2004) . Second, subspecies are, by definition, "populations that display slight morphological differentiation in allopatry and evidence of intergradation (morphological intermediacy) in zones of contact with other conspecific populations" (Wilson & Brown, 1953) . In several instances, subspecies defined by their specific morphological features do not represent independent lineages 2 mm A B but appear to be hybrid swarms (Bardy & al., 2011; Butler & al., 2011) . They are hence characterized by their distinct geographical distributions (the 'Rassenkreis' or 'geographical subspecies' in Meikle, 1957) and levels of genetic divergence that are higher than expected among consubspecific accessions, but lower than those expected among different species. In cases where such genetic evidence is not available, we propose that subspecies might be further characterized by karyological (e.g., S. procumbens subsp. heterantha) and/or morphological (e.g., S. europaea subsp. disarticulata) features.
Salicornia procumbens group
Within the S. procumbens group, the maximum likelihood (ML) analysis of 31 ETS ribotypes of Eurasian Salicornia (Electronic Supplement: Table S1 ) for voucher information and GenBank accession numbers) resolved two clades (Fig. 2) that are recognized at the species level: S. persica and S. procumbens. Accessions of S. iranica are nested within the S. persica clade. The endemicity of the former and its diploid condition suggest that it should be considered as a subspecies of the latter. Table S1 (Electronic Supplement) for voucher information and GenBank accession numbers. Numbers below branches represent nonparametric bootstrap values from 100 replicates. Terminals in bold are polyploids, the others are diploids. The Rt number of each terminal refers to the ribotype number in Table S1 and the number following the taxon name refers to the number of accessions having this ribotype.
Similarly, accessions of S. heterantha were mixed with those of S. procumbens (Fig. 2) , and S. heterantha is hence recognized as a subspecies of the former based on its endemicity to the Rostov province of SE European Russia and its diploid chromosome number. Salicornia pojarkovae and S. freitagii also lack distinct molecular characteristics but are both morphologically and geographically distinct (Fig. 3C ) and therefore are treated as subspecies of S. procumbens. Conversely, S. stricta, S. fragilis, S. dolichostachya, and S. emericii were shown to represent polyphyletic taxa (Teege & al., 2011; Vanderpoorten & al., 2011) in which continuous patterns of morphological variation seem to result from plasticity due to differences in habitat conditions (Teege & al., 2011) , precluding their recognition at the subspecies level.
Salicornia europaea group
The S. europaea group is comprised, in the ETS analyses, of S. perennans which consists of a number of unresolved clades and of S. europaea s.str. (Fig. 2) . Salicornia perennans and S. europaea show differences in their distribution, the latter being mostly Atlantic, whereas the former is mostly S. perennans (B) , and S. procumbens and S. persica (C) in Eurasia. Dots, squares, triangles and stars mark georeferenced accessions included in the ETS dataset, shading represents the putative distribution area according to Jalas & Suominen (1980) and Kadereit & al. (2007, and references therein) . Version of Record (identical to print version).
Mediterranean and continental (Fig. 3) . They cannot, however, be distinguished morphologically since specimens with, for example, the 'patula' and 'ramosissima' phenotypes can be found in both lineages.
Within S. europaea, S. disarticulata is unique in having solitary flowers, and is further characterized by a narrow Atlantic distribution in southern England and from Brittany to The Netherlands. We recognize it at the subspecies level owing to the lack of differentiation between S. disarticulata and S. europaea at the sequence level (Kadereit & al., 2007 , Murakeözy & al., 2007 and the lack of significant partitioning of nuclear microsatellites and of variation at large cpDNA fragments. This lack of differentiation may be either due to repeated evolution from a common pool of Atlantic diploids or to intense gene flow (Vanderpoorten & al., 2011) . The latter hypothesis is supported by the long-recognized existence of hybrids between the two taxa which have cymes with 1-3 flowers (Dalby, 1975) and heterozygous nuclear microsatellite genotypes that correspond to the combination of the homozygous profiles found in sympatric populations of S. disarticulata and S. europaea (Vanderpoorten & al., 2011) .
Salicornia altaica is nested within a clade of S. perennans (Fig. 2) but is decaploid (2n = 90; Lomonosova, 2005) . It is furthermore morphologically distinct, and is endemic to the Altai (Fig. 3B) . It is therefore treated here as subspecies of S. perennans.
The knowledge of East Asian species is insufficient. Only a few accessions from the area were included in our analyses, and all belonged to S. perennans. Flora of China (Zhu & al., 2003) accepts only S. europaea (s.l.), but suggests that the Chinese plants mostly or exclusively belong to the Eurasian continental S. prostrata (= S. perennans). The identity of the Japanese populations of Salicornia is similarly not fully resolved yet. In Flora of Japan, Clemants (2006) uses the name S. europaea in a broad sense (giving only the diploid chromosome number), but further investigations are needed to address their actual taxonomic status. taxonomIc treatment, cIrcumscrIPtIon, dIstrIButIon and keY to eurasIan Salicornia sPecIes
As a result, we suggest the following taxonomic treatment for Eurasian Salicornia. We provide synonymies for names commonly used in the recent taxonomic literature (Greuter & al., 1984; Ball & Akeroyd, 1993; Piirainen, 2001 Piirainen, , 2009 Lahondère, 2004; Stace, 2010) but refrained from providing exhaustive lists of synonyms. In fact, many species are nomina ambigua because the original descriptions are extremely vague, making it impossible to assign them to any of the recognized species. This is, for example, the case for S. appressa, for which the diagnosis "herbacea, caule ramisque humifusis appressis è radice trifariam flabellatis ramosissimis, internodiis cylindricis, spicis acutis" (Dumortier, 1868) does not refer to flower morphology, making it even difficult to determine whether the species is diploid or tetraploid. In the absence of formal typification, the identity of these taxa may be questioned.
Type specimens were cited when available, but we refrained from lectotypifying names included in the synonymy of accepted taxa. Useful typifications would indeed require the study of fresh material from type localities and the selection of epitypes from material measured and described in the fresh state, preserved in alcohol and preferably also sequenced for most important DNA characters to complement the actual type specimen. For each taxon, we provide morphological and molecular diagnostic characters (ETS synapomorphies; see Electronic Supplement: Table S2 ) when available. Since the different taxa are characterized by differences in nuclear SSR frequencies rather than by private alleles, these markers are not well suited as a potential 'barcode' in Salicornia. We further document, for each taxon, its distribution based on the location of specimens used in the molecular analyses of Kadereit & al. (2007) , to which we added 101 new accessions (Electronic Supplement: Table S1 ) to cover the entire distribution range of each taxon (Fig. 3) . Those new accessions were sequenced following the protocols described in Kadereit & al. (2007) . Table S1 ). The sequences of both S. europaea and S. perennans were obtained. An epitype is hence selected here from the material having the typical ETS genotype of S. europaea (see below) in order to establish the use of the name for the widespread western European taxon.
Chromosome number: 2n = 18. Morphological characteristics: Flowers 1-3 per cyme, with lateral flowers 1/3-2/3 as large as central flower; basal angle of central flower ≥ 90° (Fig. 1 ).
Molecular characteristics: One variable nucleotide among accessions (position 99), three diagnostic nucleotides (positions 76, 111, 303; Electronic Supplement: Table S2 ). Note: The North American species S. maritima S.L. Wolff & Jefferies has identical ETS sequences and should be treated as a synonym of S. europaea.
Distribution: From southern Spain (including inland areas of the Iberian Peninsula) to northwestern Europe (N Scandinavia) along the Atlantic and the Baltic Sea coasts, with a few occurrences in the western Mediterranean and inland areas of eastern France (Fig. 3A) . Woods's (1851a, b) original description and taxonomic assignment of S. ramosissima "The other forms of S. pusilla, intermedia and ramosissima, may perhaps be varieties of S. herbacea; but this also remains for future investigation" must be considered as provisional and thus invalid (Art. 34.1), as proposed by Piirainen (1991 Piirainen ( , 2009 ). The epithet was later validated by Hooker (1870) at varietal rank and subsequently combined at specific rank by Marshall (1908) by an indirect reference (Art. 32.6) to its basionym, S. herbacea var. ramosissima Hook. f. As Hooker included a short description of the taxon, Woods's description (1851a) is part of the protologue of S. herbacea var. ramosissima [Woods ex] Hook. f. 1870. If this taxon were to be typified, the type should hence be better selected from collections examined by Hooker (1870) rather than by Woods (1851a).
Woods's (1851a) original description of S. pusilla is invalid for the same reasons as given for S. ramosissima (see above). In addition, the description is extremely vague, referring only to plants with very short fertile spikes and failing to indicate the number of flowers in each cyme. No reference to this character was given either by Hooker (1870) or Marshall (1908) . Plants subsequently described as S. pusilla by Moss (1911;  referring to Woods's original specimens) have, however, three flowers per cyme and must hence be assigned to subsp. europaea. We therefore agree with Géhu (1992) , Lahondère (2004) and Piirainen (2009) that plants with solitary flowers often named S. pusilla (e.g., Ball & Akeroyd, 1993; Stace, 2010) (Fig. 3A) .
Lectotypification is dealt with by Sell & Murrell (in press.). The epithet marshallii has traditionally been used to designate specimens intermediate between S. europaea and S. disarticulata within the fairly limited distribution range of the latter. Both morphological and molecular evidence (Vanderpoorten & al., 2011) point to this material representing crosses between S. europaea subsp. europaea and S. europaea subsp. disarticulata. Salicornia × marshallii is, however, a nomen nudum (Dalby, 1975) . Hence, we chose to describe this material as a nothosubspecies within S. europaea, with a type based on a recent herbarium specimen and accompanied with additional specimens from the same population maintained in alcohol.
Morphological characteristics: Flowers 1-3 per cyme on the same plant.
Molecular characteristics: None. Distribution in Europe: Endemic to the Atlantic coast, from Brittany north to The Netherlands.
Etymology: Named in honour of E.S. Marshall (1858 Marshall ( -1919 (Fig. 2) . Eighteen variable nucleotides in ETS (Electronic Supplement: Table S2 ), no synapomorphic mutations.
Distribution: North Africa, Mediterranean and central Europe north to the Baltic Sea and White Sea; with few occurrences also on the Atlantic coast north to southern Norway (North Sea), West and Central Asia, eastwards to Yakutsk (Siberia), Japan and Korea (Fig. 3B) Table S1 ).
Distribution: Altai (Russia, Mongolia; Fig. 3B ).
Salicornia procumbens group

